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ABSTRACT 
A para l le l  p lane ,  var iab le  spaced ,  thermionic  conver te r  was 
b u i l t  w i t h  a p o l y c r y s t a l l i n e  t u n g s t e n  emitter and a p o l y c r y s t a l l i n e  
n iob ium  co l l ec to r .   Cur ren t -vo l t age   cha rac t e r i s t i c s  were obta ined  
f o r  a range of  emitter temperatures from 1673 t o  2153°K; c o l l e c t o r  
temperatures from 873 t o  1173°K; cesium reservoir  temperatures  f rom 
583 t o  683"K, and  spacings  from 1.0 t o  20.0 m i l s .  Over f i f t y  
f ami l i e s  o f  cu rves  cons i s t ing  o f  ove r  190 l o a d  l i n e s  were obtained.  
Descr ipt ion of  the converter  processing procedure,  t es t  f a c i l i t y  
and  experimental   techniques is  included.  The o u t p u t   c h a r a c t e r i s t i c s  
a r e  compared wi th  those  of  th ree  conver te rs  w i t h  n i c k e l  c o l l e c t o r s .  
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CHARACTERISTICS OF A VARIABLE  SPACED PTLINAR 
THERMIONIC CONVERTER W I T H  A TUNGSTEJ EMITTER 
AND A NIOBIUM COLLECTOR 
Th i s  t op ica l  r epor t  r ep resen t s  one  of a series o f  r e p o r t s  t o  
be prepared under  Contract  NAS 3-8511, Task 111, Inves t iga t ion  o f  
t h e  E f f e c t  of Elec t rode  Mater ia l s ,  Sur face  Trea tments ,  and  Elec t rode  
Spacing on Converter Performance. 
C h a r a c t e r i s t i c s  o f  a var iable  spaced,  unguarded,  planar ,  
thermionic converter with a p o l y c r y s t a l l i n e  t u n g s t e n  emi t te r  and 
a p o l y c r y s t a l l i n e  n i o b i u m  c o l l e c t o r  w e r e  determined. The diameters  
of  the emitter a n d  c o l l e c t o r  were 0 . 7  and 0 . 6  inch ,  r e spec t ive ly .  
A mechanical   s tage was used   to   vary   the   conver te r   spac ing .  The 
emitter was hea ted  by e l e c t r o n  bombardment  from a sp i ra l - shaped  
tungsten f i lament  posi t ioned above the back s ide of  the emitter.  
The emitter temperature was determined by observing blackbody 
c a v i t i e s  i n  t h e  emitter with a ca l ibra ted  micro-opt ica l  pyrometer .  
The co l l ec to r  t empera tu re  was measured with thermocouples positioned 
i n  t h e  c o l l e c t o r  body c l o s e  t o  t h e  s u r f a c e ;  t h e  c o l l e c t o r  
temperature was c o n t r o l l e d  by adding supplemental  heat  with a 
r e s i s t a n c e  h e a t e r .  A r e s i s t a n c e  h e a t e r  was u s e d  t o  c o n t r o l  t h e  
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temperature of the cesium r e s e r v o i r  which was measured by a 
thermocouple. 
A tungsten emitter vacuum work func t ion  o f  4.58 e V  was 
measured a t  2105°K before  in t roducing  ces ium in to  the  conver te r .  
After  admit t ing the cesium, a minimum c e s i a t e d  c o l l e c t o r  work 
funct ion of  1.55 e V  was measured  for  the  n iobium col lec tor .  
A series o f  c u r r e n t - v o l t a g e  c h a s a c t e r i s t i c s  was ob ta ined  fo r  
emitter temperatures,  TE, from 1673 t o  2153°K; ces ium rese rvo i r  
temperatures,  Tcs, from 583 t o  683°K; col lec tor   t empera tures ,  TC, 
from 873 t o  1173°K; and in te re lec t rode  spac ings  f rom 1.0 t o  20 mils. 
The conver te r  was d r i v e n  a t  60 cyc le s  and  the  e l ec t rode  po ten t i a l  
d i f fe rence  and  cur ren t  dens i ty  were p l o t t e d  on an XY r e c o r d e r  t o  
y i e l d  a family of cu r ren t -vo l t age  cu rves  fo r  t he  va r ious  t es t  
cond i t ions  . 
The e f f e c t  o f  v a r y i n g  t h e  emitter temperature on the  conver te r  
performance with a 7-mil spacing and with optimum collector and 
cesium temperature i s  presented  in  Table  I. For  cons tan t  cur ren t  
2 2 
dens i ty  o f  20 A/cm the  power dens i ty  var ies  f rom 5.6 t o  19 W/cm , 
a t  emitter temperatures  of  1673 and 2153°K r e s p e c t i v e l y .  A t  a 
c o n s t a n t  c u r r e n t  d e n s i t y  o f  10 A/cm , t he  ou tpu t  vo l t age  inc reases  
about 0.16 vo l t  pe r  each  100°K i n c r e a s e  i n  emitter temperature. 
2 
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TABLE I 
THE EFFECT  OF EMITTER TEMPERATURE 
ON CONVERTER PERFORMANCE 
(Temperature  Collector,  TC-Optimum; Temperature Cesium, TCs- 
Optimum; Spacing - 7 mils )  
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8 .4  
9 .8  
11.5 
The e f f e c t  o f  v a r i a t i o n s  i n  c o l l e c t o r  t e m p e r a t u r e  on the  
converter performance i s  presented  in  Table  I1 under conditons of 
a cons t an t  emitter temperature of 2057°K and a t  a spacing of 10 m i l s .  
The  power output  is  r e l a t i v e l y  i n s e n s i t i v e  t o  v a r i a t i o n s  i n  
c o l l e c t o r   t e m p e r a t u r e .   F o r   c o n s t a n t   c u r r e n t   d e n s i t i e s  of 20 and 
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r e spec t ive ly ,  as the  co l l ec to r  t empera tu re  i s  varied between 900 and 
110O0K. A t  10 A/cm2, t h e  optimum co l l ec to r   t empera tu re  i s  9730KJ 
whereas a t  a c u r r e n t  d e n s i t y  of 20 A/cm2 t he  optimum i s  105O0K. For 
i n c r e a s i n g  c u r r e n t  d e n s i t i e s ,  t h e  optimum co l l ec to r  t empera tu re  
inc reases .  
TABLE I1 
THE EFFECT OF COLLECTOR TEMPERATURE 
ON CONVERTER PERFORMANCE 
(Temperature E m i t t e r ,  TE-2057"K; Spacing - 10 mi l s )  
For Constant Current Density (20 A/cm ) 2 
Collector  Temperature  Voltage Power Dens i t y  
2 
"_(T,) "K 0 - (W/cm ) 
900 0.55  11.0 
1000 0.66 13.2 
1100 0.65 13.0 







8 .6  
9.4 
8 . 7  
The e f f e c t  of  spacing on converter performance a t  an emitter 
temperature o f  2057"K, a co l l ec to r  t empera tu re  of 1023"K, optimum 
cesium temperature, and a t  c o n s t a n t  c u r r e n t  d e n s i t i e s  of 20 and 10 
A/cm i s  presented  in Table 111. A t  both  the 10  and 20  A/cm 2 2 
c u r r e n t  d e n s i t i e s ,  t h e r e  i s  no g a i n  i n  o u t p u t  by reducing the 
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spacing from 2 to  1 m i l .  From the  s t andpo in t  of mechanical design, 
t h e r e  i s  l i t t l e  loss in  conver te r  per formance  in  increas ing  the 
spacing  from 5 to  7 m i l s .  Beyond the  7 - m i l  spacing,   the  power output  
s t a r t s  t o  d i m i n i s h  s u b s t a n t i a l l y .  
TABLE I11 
THE EFFECT  OF SPACING ON CONVERTER PERFORMANCE 
(Temperature E m i t t e r ,  TE-2057°K; Temperature  Collector,  
T -1023°K; Temperature Cesium, TCs Optimum) C 
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In  compar ing  the  ou tpu t  cha rac t e r i s t i c s  of t h e  W-Nb conve r t e r  
with those of t h r e e  c o n v e r t e r s  w i t h  N i  c o l l e c t o r s ,  t h e  results 
i n d i c a t e  t h a t  Nb is  i n f e r i o r  t o  N i  a s  a c o l l e c t o r  m a t e r i a l .  
Depending  upon  the  spacing, emitter tempera ture ,  and  cur ren t  
dens i ty ,  t he  ou tpu t  vo l t age  of a W-Nb conver t e r  was from 0 . 1  t o  
0 . 1 6  v o l t  less t h a n  f o r  a W-Ni conve r t e r  unde r  s imi l a r  cond i t ions .  
I n  terms o f  TE t o  o b t a i n  e q u a l  o u t p u t s ,  t h e  V-Nb conve r t e r  must 
operate   f rom 50 t o  100°K h o t t e r .  The opera t ing   tempera ture   range  
of  t h e  Nb c o l l e c t o r  was e s s e n t i a l l y  t h e  same a s  t h a t  f o r  a N i  
c o l l e c t o r .  
I n  the  reg ion  inves t iga ted ,  changing  f rom a Nb c o l l e c t o r  t o  a 
N i  c o l l e c t o r  will produce approximately the same improvement a s  
changing the spacing from 10 t o  5 mils i n  a conve r t e r .  
- 6 -  
INTRODUCTION 
This  s tudy  i s  p a r t  o f  a program t o  compare t h e  c h a r a c t e r i s t i c s  
of  thermionic  conver te rs  wi th  var ious  emitter a n d  c o l l e c t o r  
mater ia l s  and  sur faces  under  Task  I11 of c o n t r a c t  NAS 3-8511. 
Previous ly ,  a 5-mil fixed spaced") and a 2-mil  f ixed spaced (2) 
conver t e r   w i th   po lyc rys   t a   l l i ne   t ungs   t en  emitters a n d   p o l y c r y s t a l l i n e  
n i c k e l  c o l l e c t o r s  were t e s t e d .  
Fo r  seve ra l  r easons ,  i t  may be  des i rab le  to  use  n iobium 
c o l l e c t o r s   f o r   t h e r m i o n i c   c o n v e r t e r s   i n   n u c l e a r   r e a c t o r s :   f o r  
thermal  reac tors ,  n iobium i s  des i rab le  because  i t  has  a comparatively 
low thermal  neutron capture  cross  sect ion;  niobium matches alumina 
in  thermal  expans ion ,  and  thus  makes i t  p o s s i b l e  t o  bond t o  t h e  
c o l l e c t o r  a n  e l e c t r i c a l l y  i n s u l a t i n g  l a y e r  t h a t  w i l l  conduct the 
unconverted heat  with tolerable  temperature  drops;  niobium i s  a 
r e f r a c t o r y  m e t a l  w i t h  a h igh  me l t ing  po in t  and  low vapor pressure,  
and  the re fo re ,  i t  can be operated a t  high temperatures .  
Measurements of work f u n c t i o n s  o f  c e s i a t e d  s u r f a c e s  s u i t a b l e  
f o r  c o l l e c t o r  m a t e r i a l s  by Houston(3) i n d i c a t e  a minimum work 
func t ion  for  n iobium of  about  1.8 e V .  This  value  compared  with 
h i s  measured minimum f o r  n i c k e l  of about  1.55 e V  p o t e n t i a l l y  
i n d i c a t e d  a cons ide rab le  d i sadvan tage  in  us ing  n iob ium as  a 
c o l l e c t o r   m a t e r i a l .  It  has   been  suggested,   however ,   that   the  
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c o l l e c t o r  s u r f a c e  i n  a c o n v e r t e r  g e n e r a l l y  i s  no t  a tomica l ly  c l ean  
and measurements of collector work f u n c t i o n  i n  a c o n v e r t e r  u s u a l l y  
y i e l d  minimum values  below those measured for  a tomical ly  c lean 
s u r   f a c e s .  
( 4 )  
I n  s p i t e  o f  t h e  p o s s i b i l i t y  t h a t  a conver te r  wi th  a niobium 
col lec tor  would not  per form as  wel l  as  one  wi th  a n i c k e l  o r  
molybdenum collector, i t  seemed impor t an t  t o  tes t  such a conve r t e r  
and compare the output  with that  f rom converters  with nickel  
c o l l e c t o r s .  A des ign   engineer   needs   th i s   in format ion  so t h a t   h e  
c a n  d e c i d e  i f  t h e  i m p r o v e d  e l e c t r i c a l  c h a r a c t e r i s t i c s  of a system 
wi th  n icke l  co l lec tors  ou tweigh  the  nuc lear  and  thermal  d isadvantages  
of n i c k e l  o r  i f  the development  cost  of  a composi te  niobium structure  
with a n i c k e l  c o l l e c t o r  w i l l  b e  j u s t i f i e d  by the improved 
performances. 
DESCRIPTION OF CONVERTER 
-4 var i ab le  spac ing ,  p l ana r  conve r t e r  was used  to  eva lua te  n iobium 
a s  a c o l l e c t o r   m a t e r i a l .  .9 p o l y c r y s t a l l i n e   t u n g s t e n   e m i t t e r  was 
used t o  make  a direct  comparison of performance data with previous 
measurements  on devices  wieh nickel  col lectors .  ('J *) .\ c r o s s  
s e c t i o n  of the  conver te r  and  the  mechanica l  s tage  for  spac ing  






- MOVABLE LEG ( 3 )  
VACUUM BELL JAR  PLATE 
FIGURE 1. CROSS SECTION OF PARALLEL PLANE CONVERTER VG12 
- 9 -  
t h r e e  f i x e d  l e g s  which i n  t u r n  a r e  a t t a c h e d  t o  t h e  m e c h a n i c a l  s t a g e .  
Rela t ive  pos i t ion  be tween the  emitter a n d  c o l l e c t o r  s u r f a c e s  i s  
c o n t r o l l e d  by c o l l e c t i v e l y  r a i s i n g  o r  l o w e r i n g  t h r e e  m o v a b l e  legs 
clamped t o  t h e  emitter r a d i a t o r .  Each l e g  c o n t a i n s  a micrometer 
adjustment which i s  used  to  set  t h e  i n i t i a l  p l a n a r  r e l a t i o n s h i p  
between emitter a n d   c o l l e c t o r .   T h e r e a f t e r ,   t h e   l e g s   a r e  moved 
c o l l e c t i v e l y  a n d  t h e  p l a n a r  r e l a t i o n s h i p  i s  preserved.  The motion 
of  t h e  movable l e g s  i s  c o n t r o l l e d  by t h e  i n p u t  s h a f t .  The system 
was designed so t h a t  1 r e v o l u t i o n  of  t h e  i n p u t  s h a f t  c a u s e s  a 0.005- 
inch   change   in   the   conver te r   spac ing .  As a r e s u l t  of  d i f f e r e n t i a l  
expans ion  in  the  conver te r  s t ructure ,  a ze ro  spac ing  r e fe rence  
poin t  mus t  be  de te rmined  for  each  tempera ture  d is t r ibu t ion  dur ing  
ope ra t ion .   Th i s   po in t  i s  found  by  momentarily  shorting  the 
converter   e lectrodes.   Three  small   bumpers ,   extending 0.0002 inch 
above  the  co l l ec to r  su r face  were provided so t h a t  s h o r t i n g  would 
occur a t  t h e s e  p o i n t s  a n d  t h e r e f o r e  m i n i m i z e  t h e  p o s s i b i l i t y  of  
e lec t rode  contaminat ion  caused  by l a r g e  a r e a  c o n t a c t  a t  eLeva t ed  
tempera tures. 
Heat which  flows clown the  emitter l ead  i s  r e j e c t e d  by 
rad ia t ion   f rom  the  emitter suppor t  s t ruc ture .  The c o l l e c t o r  i s  
conduction cooled through s i x  webs which  connec t  the  co l lec tor  to  
the  water-cooled  mounting  r ing.  The co l l ec to r   t empera tu re  i s  
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measured  wi th  thermocouples  pos i t ioned  c lose  to  the  co l lec tor  
su r face  and  i t s  temperature  i s  c o n t r o l l e d  by adding supplemental  
h e a t  w i t h  r e s i s t a n c e  h e a t e r s .  The emitter temperature  i s  
determined by obse rv ing  b l ackbody  cav i t i e s  i n  the  emitter wi th  
a c a   l i b r a   t e d   m i c r o - o p   t i c a  1 pyrometer . 
EMITTER TEMPERATURE 
The e m i t t e r  was 1/4 inch   t h i ck   and  0 . 7  i nch   i n   d i ame te r .  A 
s i m i l a r  emitter h e a t e d  i n  vacuum  showed t h a t  t h e  r a d i a l  t e m p e r a t u r e  
d i s t r i b u t i o n  was e x t r e m e l y  f l a t ,  p e r h a p s  + 5 " K ,  i n  t h e  a r e a  f a c i n g  
t h e  c o l l e c t o r .  S i n c e  t h e  emitter temperature  was measured  on  the 
back  s ide ,  a co r rec t ion  fo r  t he  t empera tu re  g rad ien t  t h rough  the  
emitter must be made to  de t e rmine  emitter sur face  tempera ture .  
C a l c u l a t i o n s  of t he  hea t  f l ow and  ax ia l  t he rma l  g rad ien t s  a s  a 
func t ion  of  tempera ture  and  thermionic  conver te r  cur ren t  dens i ty  
were made. R e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  shown i n  F i g u r e  2 .  
Observa t ions  of  the  b lackbody cavi ty  tempera ture  were c o r r e c t e d  by 
u s i n g  t h e  d a t a  shown i n  F i g u r e  2 .  
F u r t h e r  d e t a i l s  of t h e  e x p e r i m e n t a l  t e c h n i q u e s  u s e d  i n  t h i s  
i n v e s t i g a t i o n  a r e  p r e s e n t e d  i n  Appendix A. 
- 11 - 
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FIGURE 2 .  ESTIMATED DIFFERENCE IN TEMPERATURE BETWEEN 
BLACKBODY HOLE AND EMITTER  SURFACE 
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RESULTS AND DISCUSSION 
Work function Measurements 
E m i t t e r  Work Func t i o n  
Whi le  process ing  the  conver te r  and  before  admi t t ing  ces ium 
vapor ,   the   emission  f rom  the  tungsten emitter was measured. The 
f o l l o w i n g  t a b l e  g i v e s  t h e  r e s u l t s  of  t h e  measurements,  assuming  an 
A value of 120 in the Richardson-Dushman Equation. 




4.57 * .04 
4.58 * .04 
4.58 * .04 
Rather  la rge  probable  e r rors  had  to  be  put  on t h e s e  @ values  because 
t h i s  c o n v e r t e r  h a s  no guard  r ing  and  the  emi t t ing  a rea  i s  n o t  w e l l  
def ined .  
_I Col l ec to r  Work Function 
Af ter  admi t t ing  the  ces ium,  severa l  curves ,  j ve r sus  v ,  were 
run  of   the  thermionic   emission  f rom  the  col lector .  The squares   of  
F igure  3 show t h e  measured work function of the niobium collector 
ve r sus  t h e  r a t i o  T/T co l lec tor   sur face   t empera ture   over   ces ium 
rese rvo i r   t empera tu re .  The sa tura ted   emiss ion   dens i ty   f rom  the  
c s  , 
c o l l e c t o r  was n o t  w e l l  def ined due to  the lack of  a guard  r ing  a round 
the  co l lec tor ;  however ,  t h e  v a l u e s  o f  c o l l e c t o r  work func t ion  
r epor t ed  he re  a re  p robab ly  accu ra t e  to  wi th in  0 .05  e V .  Pa r t  o f  
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CESIATED COLLECTOR WORK FUNCTIONS 
0 NICKEL  COLLECTOR 
NIOBIUM COLLECTOR 
2- 
.2 I .4 1.6 1.8 
T / Tcs 
2.0 2.2 2.4 
FIGURE 3. $ v s  TC/TCs 
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t h e  s p r e a d  i n  t h e s e  d a t a  i s  the  result  o f  t h e  d i f f i c u l t y  i n  making 
the measurement, i . e . ,  l a c k  o f  a c o l l e c t o r  g u a r d  r i n g ,  a n d  p a r t  of 
the  sp read  i s  because  the  da ta  were taken over a w i d e  v a r i a t i o n  i n  
cesium reservoir  temperature .  Rasor  's'~.) o r i g i n a l  t h e o r y  t h a t  @ is 
dependent  upon T/TCs was approximate.  Data  f rom ear l ier  tubes have 
shown tha t  obse rved  po in t s  o f  @ vergus T/TCs f a l l  on a smooth 
cu rve  fo r  one  va lue  o f  TCs. For a d i f f e r e n t  v a l u e  o f  TCs the  curve  
i s  usua l ly   d i sp laced   toward   lower   o r   h igher  @ v a l u e s .  K i t r i l a k i s  
has  made t h e  same obse rva t ions  . 
(6) 
The c i r c l e s  i n  F i g u r e  3 a re  da ta  f rom the  W - N i  conver te r  wi th  
f ixed  2-mil   spacing.")  I t  i s  a p p a r e n t  t h a t  t h e  work func t ion   of  
c e s i a t e d  Nb under  s imi la r  condi t ions  of  T/TCs i s  a l i t t l e  more than 
a t en th  o f  a v o l t  g r e a t e d  t h a n  t h a t  o f  c e s i a t e d  N i .  The minimum 
work f u n c t i o n  f o r  c e s i a t e d  Nb i s  1 . 5 5  v o l t s  compared with 1.42 for 
c e s i a   t e d  N i .  
I__- C o n v e r t e r   C h a r a c t e r i s t i c s  
Load l i n e s ,  o u t p u t  v o l t a g e  v e r s u s  c u r r e n t  d e n s i t y ,  were taken 
f o r  emitter temperatures ,  TE, f rom-1673 to  2153°K; ces ium rese rvo i r  
tempera ture,  TCs , from 583 to 683°K; co l l ec to r  t empera tu res ,  
from  873  to 1173°K;  and  spacings  from 1.0 t o  20 m i l s .  The conve r t e r  
was d r i v e n  a t  60 c y c l e s  a n d  t h e  e l e c t r o d e  p o t e n t i a l  d i f f e r e n c e  a n d  
c u r r e n t   d e n s i t y  were simultaneously  observed.  These  60-cycle  load 
TC , 
l i n e s  were p l o t t e d  on an XY r eco rde r  w i t h  t h e  a i d  o f  a sampling 
c i r c u i t  d r i v e n  a t  a f r e q u e n c y  s l i g h t l y  d i f f e r e n t  f r o m  60 cps  so 
t h a t  t h e  sampl ing  c i r cu i t  and  r eco rde r  would draw a load l i n e  i n  
about  3 seconds.   Figure 4 shows  a fami ly  of l o a d  l i n e s  w i t h  
va r ious  ces ium rese rvo i r  t empera tu res  wi th  a l l  o the r  pa rame te r s  
h e l d  c o n s t a n t .  A t  low cesium  pressure,  TCs of 573  and 593"K, 
where the  e l ec t ron  neu t r a l  a tom mean f r e e  p a t h  of t h e  e l e c t r o n s  
i s  about  2 m i l s ,  t h e  r e s u l t  o f  t h e  l a c k  o f  a g u a r d  r i n g  f o r  t h i s -  
conver te r  may be  observed. A t  low o u t p u t  v o l t a g e  ( h i g h  i n t e r n a l  
vo l tage  drop)  some c u r r e n t  may be  co l lec ted  f rom the  emitter 
suppor t   s t ruc tu re .   Th i s   causes   t hose  two l o a d  l i n e s  t o  s t a r t  
curv ing  up  near  zero  vol tage .  The lack  of  guard  r ing  does  not  
a f f e c t  t h e  o p e r a  t i o n  i n  t h e  r eg ion  o f  i n t e re s t ;  name ly ,  a long  the  
envelope of t h e  l o a d  l i n e s .  
The flow of heat  and hence thermal  gradient  through the 
emitter va r i e s  w i th  ave rage  cu r ren t  dens i ty  because  o f  e l ec t ron  
cool ing .  The family of curves   (F igure  4 )  was taken a t  cons t an t  
blackbody cavi ty  temperature  on the  back  s ide  of t he  emitter. 
When sweeping a t  60 c y c l e s  o u t  t o  40 o r  50 A/cm , the  average 
d i r e c t  c u r r e n t  d e n s i t y  was s e t  a t  about 15 A/cm by a d j u s t i n g  t h e  
l o a d  r e s i s t a n c e .  A t  low cesium  pressures ,   an  average  current  
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g r a d i e n t  was less. S i n c e   t h e   c o r r e c t i o n   f o r   t h e r m a l   g r a d i e n t  
through the emitter was made f o r  a n  a v e r a g e  c u r r e n t  d e n s i t y  o f  
15 A/cm , t h e  low c u r r e n t  e n d  o f  t h e  f a m i l y  of curves  was taken 
a t  somewhat e l e v a t e d  emitter su r face   t empera tu res .  I f  the   average  
d i r e c t  c u r r e n t  v a r i e s  f r o m  1 5  t o  5 A/cm , then from Figure 2 t h e  
emitter surface temperature  would increase 18°K.  
2 
2 
F igure  5 shows the  enve lopes  o f  l oad  l i nes  fo r  va r ious  emitter 
2 temperatures .  A t  10 A / c m  the   ou tpu t   vo l t age   i nc reases   abou t  
0 . 1 6  v o l t s  p e r  100°K i n c r e a s e  i n  emitter temperature .  
F igure  6 shows t h e  e f f e c t  of spac ing  on t h e  o u t p u t  of the  
conve r t e r .   No t i ce   t ha t  there i s  n o   g a i n   i n   o u t p u t ,  by reducing  
the spacing from 2 t o  1 m i l  u n t i l  a c u r r e n t  of 35 A/cm i s  
exceeded. The cu rves  show t h a t  f o r  TE = 2057°K and TCs optimum 
t h e r e  i s  ve ry  l i t t l e  to  be  ga ined  by go ing  c lose r  t han  5 m i l s .  
T h i s  f a c t  i s  a l s o  i l l u s t r a t e d  i n  F i g u r e  7 .  
z 
The e f f e c t  of  v a r i a t i o n s  i n  t h e  c o l l e c t o r  t e m p e r a t u r e  i s  
shown i n  F i g u r e  8.  A t  open c i r c u i t  t h e  v o l t a g e  d e c r e a s e s  w i t h  
i n c r e a s i n g   c o l l e c t o r   t e m p e r a t u r e .  The dec rease  i s  a r e s u l t  o f  
the   increased   back   emiss ion   f rom  the   co l lec tor .  A t  10 A/cm 
t h e  optimum c o l l e c t o r   t e m p e r a t u r e  i s  973°K. For   i nc reas ing   cu r ren t  
d e n s i t i e s   t h e  optimum col lec tor   t empera ture   increases .   For  
2 
2 
example, a t  25 A/cm optimum TC is  a t  1023°K; a t  45 A/cm , 1073°K. 2 
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' C u r v e s  s i m i l a r  t o  t h o s e  shown i n  F i g u r e  8 have been drawn for 
o the r  spac ings .  The lower  ha l f  of Figure  -9 i s  a r e p l o t  of the  
d a t a  g i v e n  i n  F i g u r e  8. The uppe r  ha l f  i s  f o r  a 10-mil  spacing. 
A q u a l i t a t i v e  e x p x a n a t i o n  f o r  t h e  b r o a d  maximum i n  o u t p u t  power 
v e r s u s  T can  be made by r e f e r r i n g  t o  F i g u r e s  3 and 11. A t  t h e  
ces ium p res su res  and  co l l ec to r  t empera tu res  o f  F igu re  11 t h e  r a t i o  
C 
TC/TCs va r i e s   f rom 1.36 t o  1.8 wi th   i nc reas ing  T From Figure  C' 
3 i t  may be  seen  tha t  t he  work f u n c t i o n  o f  t h e  c o l l e c t o r s  
d e c r e a s e  a s  TC/TCs i n c r e a s e s .  A t  c o n s t a n t  TCs a s  TC i n c r e a s e s .  
This  e f fec t  should  improve  the  output  vo l tage  of  the  device .  
However, s imul taneous ly  the  back  emiss ion  f rom the  co l lec tor  
i n c r e a s e s   g r e a t l y   w i t h   i n c r e a s i n g  T This   produces a d e t r i m e n t a l  
e f f e c t .  The o b s e r v e d  v a r i a t i o n  i n  o u t p u t  w i t h  v a r i a t i o n s  o f  T 
i s  the  d i f fe rence  be tween the  two e f f e c t s .  
C' 
C 
A complete se t  o f  l o a d  l i n e s  f o r  TE from 1673 to 2153°K; TCs, 
583 t o  683°K; TC, 873 t o  1173°K and spacing of  1 t o  20 m i l s  i s  
presented in  Appendix B. 
COMPARISON  OF  Nb AND N i  FOR  COLLECTORS 
Data have been previously publ ished for  two conve r t e r s  w i th  N i  
co l l ec to r s  and  5 -mi l  spac ings .  (" 7, One conver te r  had  a 
p o l y c r y s t a l l i n e  W emitter; t h e  o t h e r  a p o l y c r y s t a l l i n e  W-25% R e  emitter. 
Both t h e s e  c o n v e r t e r s  were p r o c e s s e d  s i m i l a r l y  t o  t h e  p r o c e s s i n g  o f  
- 23 - 
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t h i s  W-Nb conver t e r .  Both conver te rs  had  been  opera ted  a t  TE = 
2130°K. This  emitter temperature  was n o t  c o r r e c t e d  f o r  a temperature  
drop through the emitters a s  was accompl ished  for  the  results 
shown i n  F i g u r e  2. It i s  e s t i m a t e d  t h a t  u n d e r  t h e s e  c o n d i t i o n s  
t h e  emitter s u r f a c e s  were a t  2115°K. Therefore ,   for   comparison 
the  W-Nb conver t e r  was o p e r a t e d  a t  2116°K and a t  5-mil s p a c i n g  t o  
compare  the  three  converters .  The results a r e  shown i n  F i g u r e  10. 
A t  a l l  c u r r e n t  d e n s i t i e s  t h e  o u t p u t  v o l t a g e  o f  t h e  W-Nb conver t e r  
i s  about  0 . 1  v o l t  less than   fo r   t he   o the r  two conve r t e r s .   F igu re  
11 shows t h e  e f f e c t  o f  c o l l e c t o r  t e m p e r a t u r e  f o r  N i  and Nb c o l l e c t o r s .  
N o t i c e  t h a t  t h e  N i  c o l l e c t o r  p e r m i t s  t h e  same ou tpu t  power a t  an 
emitter temperature  50°K lower. 
F igure  1 2  shows a comparison with a W-Ni  conve r t e r  w i th  2 - m i l  
spac ing .  (2) H e r e  t h e  s u p e r i o r i t y  o f  t h e  n i c k e l  c o l l e c t o r  seems 
g rea t e r  t han  in  F igu re  10 .  The  work func t ion  ve r sus  T/TCs o f  t h e s e  
c o l l e c t o r s  f o r  t h e s e  two c o n v e r t e r s   a r e  shown i n   F i g u r e  3. A t  
20 A/cm t h e  W - N i  conve r t e r  had  optimum o u t p u t  a t  TC = 948°K and 2 
,-i 
TCs  = 613°K.  The W-Nb c o n v e r t e r  a t  20 A/cmL had TC = 1023°K and 
TCs = 653°K. These two l o a d  l i n e s  a r e  shown dashed i n  F i g u r e  1 2 .  
Also t h e s e  two o p e r a t i n g  p o i n t s  a r e  i n d i c a t e d  by arrows on Figure  
3. The  work f u n c t i o n  d i f f e r e n c e  i s  0.16 v o l t ;  t h e  o u t p u t  d i f f e r e n c e  
a t  20 A/cm i s  0 . 1 9   v o l t .  The lower TCs v a l u e   f o r  W-Ni i n d i c a t e s  2 
- 25 - 
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t h a t  t h e  emitter adsorbed cesium more s t r o n g l y  t h a n  d i d  t h e  emitter 
i n  t h e  W-Nb conver te r .  The lower  ces ium pressure  in  the  W-Ni 
conver te r  means less e l e c t r o n  s c a t t e r i n g  a n d  c o u l d  e a s i l y  e x p l a i n  
the difference between 0.16 and 0.19 vol t .  Thus  one  might  conclude 
t h a t  t h e  N i  co l l ec to r  accoun ted  fo r  0 .16 -vo l t  improvement and lower 
cesium p r e s s u r e  a s  a r e s u l t  of  a super ior  emi t te r  sur face  caused  
0.03-volt  improvement for the W-Ni  conver te r .  
CONCLUSIONS 
The vacuum work func t ion  o f  po lyc rys t a l l i ne  tungs t en  emitter 
was measured a t  emitter temperatures of 1995, 2105, and 2210°K and 
the  work func t ions  were 4.57,  4.58,  and  4.58 * .04 e V ,  r e s p e c t i v e l y .  
A minimum work funct ion of  1 .55 * .05 e V  was measured for  the 
c e s i a t e d  p o l y c r y s t a l l i n e  n i o b i u m  c o l l e c t o r .  
Output  vo l tage  versus  cur ren t  dens i ty  (amperes  per  square  
cent imeter )   curves  were taken   for  emitter temperatures,  TE, from 
1673 t o  2153°K; co l lec tor   t empera tures ,  from 873 to 1173°K; 
ces ium reservoi r  tempera ture ,  f rom 583 to  683°K; and 
in t e re l ec t rode  spac ings  f rom 1 .0  to  20 m i l s .  
TC 
TCs J 
For var ious emitter temperatures and a t  a cu r ren t  dens i ty  o f  
2 10 A/cm , t he  ou tpu t  vo l t age  inc reases  abou t  0.16 v g l t  p e r  100°K 
i n c r e a s e  i n  emitter temperature.  
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The converter  performance was a f f e c t e d  by v a r y i n g  t h e  
i n t e r e l e c t r o d e  s p a c i n g .  By reducing   the   spac ing   f rom 2 t o  1 m i l ,  
2 t h e r e  was no g a i n  i n  c o n v e r t e r  o u t p u t  u n t i l  a c u r r e n t  of 35 A/cm 
was exceeded. A t  an emitter temperature  of  2057°K and  an optimum 
cesium temperature, the improvement i n  performance was s l i g h t  i n  
going   c loser   than  5 m i l s .  From a p r a c t i c a l  d e s i g n  s t a n d p o i n t  a 
7 - m i l  spac ing  i s  des i r ab le  and  the  dec rease  in  pe r fo rmance  
compared t o  t h a t  a t  a 5-mil  spacing i s  smal l .  
I n  c o m p a r i n g  t h e  o u t p u t  c h a r a c t e r i s t i c s  of t h e  W-Nb conver t e r  
w i th  those  o f  t h ree  conve r t e r s  w i th  N i  c o l l e c t o r s ,  t h e  r e s u l t s  
i n d i c a t e  t h a t  Nb i s  i n f e r i o r  t o  N i  a s  a c o l l e c t o r  m a t e r i a l .  
Depending  upon  the  spacing, emitter t empera tu re ,  and  cu r ren t  
dens i ty ,  t he  ou tpu t  vo l t age  o f  a W-Nb conver t e r  was from 0 .1  t o  
0.16 v o l t  less than  fo r  a W-Ni conver t e r  unde r  s imi l a r  cond i t ions .  
I n  terms of TE t o  o b t a i n  e q u a l  o u t p u t s  , t he  W-Nb conver te r  mus t  
operate   f rom 50 t o  100°K h o t t e r .  The opera t ing   tempera ture   range  
o f  t he  Nb c o l l e c t o r  was e s s e n t i a l l y  t h e  same a s  t h a t  f o r  a N i  
c o l l e c t o r .  
In  the  reg ion  inves t iga ted ,  changing  f rom a Nb c o l l e c t o r  t o  
a N i  c o l l e c t o r  w i l l  produce approximately the same improvement a s  
changing the spacing from 10 t o  5 m i l s  i n  a conve r t e r .  
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APPEJYDIX A 
EXPERIMENTAL TECHNIQUE 
To keep the main body o f  t h i s  r e p o r t  c o n c i s e ,  many d e t a i l s  con-' 
cerning experimental  techniques and thk t es t  f a c i l i t y  have been 
omit ted.   For   completeness ,   addi t ional   information i s  i n c l u d e d   i n  
th i s  append ix .  
FABRICATION, ASSEMBLY, AND OUTGASSING 
The conver te r  cons is t s  of  the  co l lec tor  assembly  wi th  the  ces ium 
r e s e r v o i r ;  t h e  emitter assembly,  and  the  ceramic  to metal seal  wi th  a 
f lexible  diaphragm. 
Mate r i a l s :  The emitter w a s  ground  from a r o l l e d  s h e e t  o f  GE 
Lamp Metals Department  weldable  grade  tungsten.  The niobium  col-  
l e c t o r  was c u t  from  vacuum a r c  m e l t e d  r o l l e d  s h e e t .  A l l  of t h e  
molybdenum parts  were vacuum arc  mel ted .  The l a r g e  n i c k e l  emitter 
r a d i a t o r  was induc t ion   me l t ed   n i cke l .  The n i c k e l  f o i l s  f o r  t h e  seal 
assembly were grade A vacuum t u b e  q u a l i t y .  
" The seal w a s  made of  h igh   pur i ty   a lumina   r ings   g round  p lanar .  
Ten m i l  t h i c k  n i c k e l  f o i l s  were c l e a n e d  i n  a n  u l t r a s o n i c  b a t h  i n  
ace tone   and   subsequent ly   in   g ra in   a lcohol .  All p a r t s  were cleaned 
t h i s  way. A l l  n icke l  and  molybdenum parts were f i r e d  i n  hydrogen 
a t  1000°C about 20 minutes . ,  The  n i c k e l  f o i l s  were p r e s s e d  f l a t  and 
smooth  between  hardened s teel  d i e s .  The seal  w a s  assembled by s t ack -  
ing t h e  ceramic and  n i cke l  p i eces  wi th  0.0002" t h i c k  f o i l s  o f  
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t i t an ium be tween  the  pa r t s .  The  assembly was f i x t u r e d  w i t h  a s p r i n g  
f o r c e  t o  p r e s s  t h e  p a r t s  t o g e t h e r  a n d  vacuum brazed  in  a 
molybdenum s u s c e p t o r  a t  1275°C. R.H. Br i s tow has  shown (*I) that 
t h e  N i T i  a l l o y  f o r m e d  i n  t h i s  s e a l  may b e  e x t r e m e l y  b r i t t l e  i f  
t h e  f i r i n g  c y c l e  i s  n o t  c a r e f u l l y  c o n t r o l l e d .  F o r  s u b s e q u e n t  t u b e s ,  
Br i s tow has  suppl ied  ceramic  p ieces  pre-meta l ized  (see Ref. 
and w e  h a v e  c o p p e r  b r a z e d  e i t h e r  n i c k e l  o r  t a n t a l u m  p a r t s  t o  t h e  
m e t a l i z e d  s u r f a c e s .  
*1) 
The Niobium C o l l e c t o r  was d i f fus ion  bonded to  the  molybdenum 
c o l l e c t o r  body  by p l a c i n g  a 1 / 2  m i l  f o i l  o f  n i c k e l  b e t w e e n  t h e  
p i e c e s  a n d  f i r i n g  a t  1400°C f o r  1 / 2  hour .   During  this   bonding  the 
niobium disc  was cons ide rab ly  ove r s i ze  to  avo id  n i cke l  f l owing  
o n t o   t h e   c o l l e c t o r   s u r f a c e .  The c o l l e c t o r  was then  ground  and 
pol i shed   wi th  a diamond  powder. This sur face   p robably   has  a 
r e l a t i v e l y  h i g h  e m i s s i v i t y  b e c a u s e  o f  t h e  s u r f a c e  i m p e r f e c t i o n s  
a n d  s t r a i n s .  
Sur faces  of  the  molybdenum c o l l e c t o r  body t h a t  were to  have 
h e a t e r s  o r  o t h e r  p a r t s  b r a z e d  t o  them w e r e  "brush plated" with 
copper.  Most o f  t h e  j o i n t s  i n  t h e  c o l l e c t o r  a n d  c e s i u m  r e s e r v o i r  
assembl ies  were copper  brazed  in  vacuum a t  1100°C. During  these 
o p e r a t i o n s  t h e  c o l l e c t o r  s u r f a c e  was protected from copper  deposi t ion 
by a p p r o p r i a t e  s h i e l d s .  
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The emitter was ground planar and polished with diamond paste.  
Subsequent  hea t  t rea tment  probably  thermal ly  e tched  the  emitter 
and  r emoved  the  su r face  s t r a ins .  The emitter was  mounted  on i t s  
tan ta lum suppor t  sec t ion  and  outgassed  by e l e c t r o n  bombardment i n  
vacuum. F ina l ly  the  a s sembly  was brought  up  to  about  2500°C f o r  
f i v e  m i n u t e s  t o  b r a z e  t h e  t u n g s t e n  emitter to  the  t an ta lum tube  
with  niobium. This opera t ion   p robab ly   causes  some recrystallization 
o f  t he  tungs t en  and  the rma l ly  e t ches  the  su r face  s l i gh t ly .  
The f ina l  a s sembly  was  done  wi th  ca re  to  avo id  f inge r  p r in t s ,  
d u s t ,  o r  o t h e r  c o n t a m i n a t i o n .  The c l o s u r e  was a n  e l e c t r o n  beam 
weld between the emitter r a d i a t o r  a n d  t h e  u p p e r  f o i l  on  the  sea l .  
The conve r t e r  was mounted i n  a vacuum b e l l  j a r  w i t h  a mercury 
vapor pump. The i n s i d e  o f  t h e  c o n v e r t e r  was pumped wi th  a s o r p t i o n  
pump and vacuum ion  pump. The cesium was i n  a g l a s s  p e l l e t  i n  a 
temporary   s ide   a rm  la te r   to   be   removed.   Us ing   e lec t ron  bombardment 
t o  h e a t  t h e  emitter a n d  c o l l e c t o r  a n d  c e s i u m  r e s e r v o i r  h e a t e r s ,  t h e  
e n t i r e  c o n v e r t e r  was hea ted  so t h a t  e a c h  p a r t  was about  100°C above 
the   an t i c ipa t ed   ope ra t ing   t empera tu re .   Dur ing   t he   ou tgass ing   t he  
i n s i d e   o f   t h e   c o n v e r t e r  was about  10 T o r r   a n d   t h e   b e l l   j a r  
p re s su re   abou t   Tor r .  The f i n a l   p r e s s u r e s  were about   and 
-6 
T o r r  w i t h  a l l  t h e  p a r t s  h o t .  
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The b e l l   j a r  was l e t  down t o  a i r ,  a n d  t h e  c o n v e r t e r  s e a l e d  o f f  
by h e a t i n g  a g l a s s  c o n s t r i c t i o n .  The cesium p e l l e t  was broken and 
t h e  cesium d i s t i l l e d  i n t o  t h e  c o n v e r t e r  . Fina l ly  the  temporary  
cesium side arm was s e a l e d  o f f  by p inching  a c o l d  w e l d  i n  a copper 
tube  sec t ion .  Th i s  t echn ique  may l eave  a small amount of  hydrogen 
i n  t h e  c o n v e r t e r .  The hydrogen  comes  from a reac t ion  be tween 
c e s i u m  a n d  w a t e r  o n  t h e  i n n e r  s u r f a c e  o f  t h e  g l a s s  p e l l e t .  However, 
p robably  the  hydrogen  d i f fuses  out  th rough the  hot  tan ta lum 
emitter s u p p o r t  d u r i n g  t h e  f i r s t  few minutes  of  operat ion of t h e  
conve r t e r  . 
I n   f i l l i n g  a conve r t e r  w i thou t  a h o t  t a n t a l u m  s e c t i o n ,  it 
wou ld  be  p re fe rab le  to  b reak  the  pe l l e t  and  pump f o r  a few 
minu tes  be fo re  sea l ing  o f f  t he  conve r t e r  f rom the  pumps. 
F i n a l l y  t h e  c o n v e r t e r  i s  remounted in  the vacuum b e l l   j a r  
r e a d y   f o r   o p e r a   t i o n .  
TEST FACILITY 
The c o n v e r t e r s  a r e  o p e r a t e d  i n  a vacuum b e l l   j a r  which provides 
a p r o t e c t i v e  e x t e r n a l  e n v i r o n m e n t  d u r i n g  p r o c e s s i n g  a n d  t e s t i n g .  
E l e c t r i c a l  l e a d s  a s  w e l l  a s  coo l ing  wa te r  and  a vacuum l i n e  f o r  
e v a c u a t i n g  t h e  i n s i d e  o f  t h e  c o n v e r t e r  d u r i n g  c o n v e r t e r  p r o c e s s i n g  
a r e  p r o v i d e d  t h r o u g h  t h e  b e l l  j a r  b a s e  p l a t e .  The  vacuum b e l l  j a r  
i s  exhausted through a Three Stage 3-inch Mercury Diffusion Pump 
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with a pumping speed  of  about 50 liters/sec. Typical   system 
pressure   wi th   the   conver te r   opera t ing  i s  in   t he   10   Tor r   r ange .  
A 25 l i ter /sec vacuum i o n  pump i s  u s e d  t o  e x h a u s t  t h e  i n s i d e  o f  t h e  
conver te r  dur ing  process ing .  
- 7  
INSTRUMENTATION 
E m i t t e r  Temperature Control and Measurement 
Power is  s u p p l i e d  t o  t h e  emitter by e l e c t r o n  bombardment 
from a spiral-shaped tungsten f i lament  posi t ioned above the back 
s i d e  of t h e  emitter. The a c c e l e r a t i n g  p o t e n t i a l  is provided by 
a 1500-volt ,  5 A d-c power supply.  The bombardment  system i s  
ope ra t ed  such  tha t  t he  e l ec t ron  bombardment c u r r e n t  i s  l i m i t e d  by 
the   f i l ament   t empera ture .   This  mode o f   ope ra t ion  i s  u n s t a b l e  f o r  
t h i s  app l i ca t ion  because  of the feedback of thermal energy from 
the  emitter t o  t h e  f i l a m e n t .  S t a b i l i t y  i s  achieved by inco rpora t ing  
a c i r c u i t  which cont inuous ly  senses  t h e  bombardment cur ren t  and  
a d j u s t  t h e  a -c  f i l amen t  hea t ing  power to  ma in ta in  cons t an t  
emis s ion  cu r ren t .  The bombardment cur ren t  can  be  ad jus ted  and  
main ta ined  wi th in  a few mill iamperes of a des i r ed  va lue .  
The emitter temperature i s  determined by measuring the 
b r igh tness  o f  a b lackbody cavi ty  in  the  back  s ide  of  the  emitter 
with a micro-opt ica l   pyrometer .   This   cav i ty  i s  formed by 
welding a l i d  o v e r  a 0.050-inch diameter by 0.100-inch deep hole  in  
the  emitter. A 0.020- inch   d iameter   ho le   in   the   l id  i s  provided 
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for pyrometry. The e l e c t r o n  bombardment f i l amen t  i s  on t h e  same 
s i d e  o f  t h e  emitter and  the re fo re  t e l e scop ing  sh ie lds  a re  p rov ided  
around the  b lackbody cavi ty  to  prevent  l igh t  f rom the  f i lament  f rom 
a f f e c t i n g   t h e  emitter tempera ture   de te rmina t ion .  One s h i e l d  i s  
i n t e g r a l  w i t h  t h e  l i d  o n  t h e  b l a c k b o d y  c a v i t y  a n d  o n e  i s  a t t a c h e d  
t o  a n  e l e c t r o s t a t i c  s h i e l d  o v e r  t h e  bombardment f i lament .   See  
F igure  A-1 .  The e f f e c t i v e n e s s  o f  t h i s  s h i e l d i n g  i s  determined by 
obse rv ing  the  b r igh tness  in  the  b l ackbody  cav i ty  when t h e  emitter 
i s  cool   and  the bombardment f i l amen t  i s  h o t .  The e f f e c t  o f  s c a t t e r e d  
l i g h t  i n t o  t h e  b l a c k b o d y  was found  to  be  neg lg ib l e  fo r  t h i s  
conf igu ra t ion .  
One c o r r e c t i o n  o f  t h e  emitter temperature which i s  necessary  
i s  caused by the opt ical  path.  Light  f rom the blackbody cavi ty  
passes through a f l a t  window i n  t h e  t o p  o f  t h e  b e l l  j a r  a n d  i s  
t h e n  r e f l e c t e d  by a f r o n t  s u r f a c e  m i r r o r  b e f o r e  i t  e n t e r s  t h e  
pyrometer. The c o r r e c t i o n  f o r  l o s s e s  c a u s e d  by t h i s  p a t h  i s  
d e t e r m i n e d  d i r e c t l y  by measuring the apparent  temperature  
d i f f e r e n c e  o f  a f l a t  r i b b o n  lamp with and without  the mirror  and 
window i n  t h e  o p t i c a l  p a t h .  A cor rec t ion  cu rve  was determined 
a s  a func t ion  o f  appa ren t  t empera tu re  and  used  to  ca l cu la t e  t he  
true tempera ture   o f   the  emitter. I t  i s  be l ieved   tha t   measured  
va lues  of  tempera ture  of  the  back  s ide  of  the  emitter ob ta ined  
by the  use o f  t he  b l ackbody  cav i ty  a re  wi th in  25°K. 
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An a d d i t i o n a l  c o r r e c t i o n  i s  n e c e s s a r y  t o  a r r i v e  a t  t h e  
emitter surface temperature .  There w i l l  .be a tempera ture  grad ien t  
through the emitter s ince  the  energy  input  i s  a t  t h e  back side and 
most  of  the  energy i s  removed  from the  emitter f a c e .  P a r t  o f  t h e  
energy removed from the emitter w i l l  be dependent upon the average 
conve r t e r   cu r ren t   because   o f   e l ec t ron   coo l ing .   Ca lcu la t ions   o f  
hea t  f low and  ax ia l  thermal  grad ien ts  as  a funct ion of  temperature  
and   thermionic   conver te r   cur ren t   dens i ty  were made. Resul t s   o f  
these c a l c u l a t i o n s  a r e  shown i n  F i g u r e  2 o f  t h i s  r e p o r t .  
I n  tak ing  the  A. C. d a t a  t h e  l o a d  r e s i s t a n c e  may be a d j u s t e d  
so t h a t  a s  o n e  s h i f t s  from D.C. t o  A. C. t h e r e  i s  no apparent  
change  o r  d r i f t  i n  t he  t empera tu re  o f  t he  b l ackbody  cav i ty .  
Presumably under these conditions the average power loss from the 
emitter over   the A.C.  cyc l e  i s  the  same a s  f o r  t h e  D.C. cond i t ion .  
I f  t h i s  a d j u s t m e n t  i s  made the observed temperature  i s  probably 
a c c u r a t e   t o  +lO°C. This   a l lows   for  *5' i n  making the  temperature  
measurement p lus  an  e r ro r  o f  abou t  * 8 O  i n  e s t i m a t i n g  t h e  t h e r m a l  
gradient  through the emitter . 
For most of t h e  l o a d  l i n e s  o f  Appendix B time d id  no t  pe rmi t  
c a r e f u l l y  a d j u s t i n g  t h e  l o a d  r e s i s t o r  t o  o b t a i n  e q u a l  D.C. and 
A.C. l o s ses .   The re fo re ,   fo r   mos t   o f   t he   l oad   l i nes   i n   t h i s  
r e p o r t  t h e  p r o b a b l e  e r r o r  i n  TE was about  +15"C. 
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COLLECTOR TEMPER4TURE (CONTROL AND MEASUREMENT) 
The c o l l e c t o r  s u r f a c e  i s  a t  one end of a c y l i n d r i c a l  molybdenum 
p e d e s t a l  a n d  c o n s i s t s  o f  a 0 ,050- inch- th ick  d isk  of niobium bonded 
t o  t h e  molybdenum.  The c o l l e c t o r  i s  conduction  cooled  through 6 
symmetr ical ly  placed heat  chokes a t  t h e  b a s e  o f  t h e  p e d e s t a l  t o  a 
water-cooled  mounting  r ing.  The co l l ec to r   t empera tu re  i s  a d j u s t e d  
by adding heat  with two resis tance heaters .  Three . thermocouples  
a r e  pos i t ioned  near  the  co l lec tor  sur face  through the  suppor t  
pedes t a l .  Two thermocouples  are Chromel-Alumel  and  one i s  Pt-(Pt-10% 
Rh). The Pt-(Pt-10% Rh) thermocouple i s  f e d   t o  a record ing  
potent iometer  . The power to  one  of the  hea ter  windings  i n  the  
c o l l e c t o r  i s  au tomat i ca l ly  con t ro l l ed  to  ma in ta in  a c o n s t a n t  c o l l e c t o r  
temperature.  The second  heater  on t h e  c o l l e c t o r  i s  used  a s  an  
aux i l i a ry   and  i s  manual ly   adjusted.  This provis ion   causes  t h e  
dynamic range  of  t h e  p ropor t iona l  t empera tu re  con t ro l l e r  t o  be  
s h i f t e d .   T y p i c a l l y ,   t h e   c o l l e c t o r   t e m p e r a t u r e  i s  maintained 
wi th in  +2% which i s  adequate  for  most  aspects  of  thermionic 
converter  operat ion;  however ,  i t  can be held within a few degress  
when n e c e s s a r y  a s  i n  t h e  d e t e r m i n a t i o n  o f  t h e  c o l l e c t o r  work 
funct ion through thermionic  emission techniques.  
\ 
CESIUM RESERVOIR 
The ces ium rese rvo i r  cons i s t s  o f  a 0 .500-inch-diameter ,  thin 
wa l l ,  n i cke l  cy l inde r  w i th  a heavy nickel  block a t  t h e  b a s e .  A 
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h e a t i n g  c o i l  i s  wrapped  around the  cy l inder  in  such  a way a s  t o  make 
the  heavy  b lock  the  coo le s t  po r t ion  of t h e  r e s e r v o i r .  The cesium 
rese rvo i r  t empera tu re  i s  measured by one of two thermocouples 
a t t a c h e d  t o  t h e  n i c k e l  b l o c k .  One thermocouple i s  P t -  (Pt-1O%Rh) and 
one i s  Chromel-Alumel. A r a d i a t i o n  s h i e l d  o p e r a t i n g  a t  r e s e r v o i r  
temperature  i s  placed over  the thermocouple  junct ions to  minimize 
t h e  p o s s i b i l i t y  of e r rors  f rom conduct ion  and  rad ia t ion  f rom the  
thermocouple  leads.   Readings  from  the two the rmocoup le   pa i r s   a r e  
compared a s  a check   on   reservoi r   t empera ture .  I n  a d d i t i o n ,  a 
t he rmis to r  i s  imbedded i n   t h e   n i c k e l   b l o c k .  The the rmis to r  i s  
connec ted  to  a p r o p o r t i o n a l  c o n t r o l l e r  w h i c h  r e g u l a t e s  t h e  amount 
of power i n p u t  t o  t h e  h e a t e r  w i n d i n g  o n  t h e  r e s e r v o i r .  Cesium 
rese rvo i r  t empera tu res  can  be  ma in ta ined  wi th in  + 1 " K  w i t h  t h i s  
technique.  
EXPERIMENTAL DATA 
E m i t t e r  ;Jerk Funct ion 
Dclring conver te r  process ing ,  whi le  the  device  was s t i l l  being 
exhaus ted  in t e rna l ly  wi th  the  vacuum ion pump, and before  cesium was 
introduced,  thermionic  emission measurements  were taken from the 
c l ean   t ungs t en   su r f ace .  I n  conve r t e r  V G - 1 2 ,  data   f rom  which  are  
r e p o r t e d  i n  t h e  main t e x t  of t h i s  r e p o r t ,  t h e r e  i s  no a c t i v e  g u a r d  
r i n g  i n  the   device .  There i s  a ve ry   sha rp   t he rma l   g rad ien t  i n  t h e  
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heat   choke on  which t h e  c o n v e r t e r  emitter i s  mounted.  Collection 
f rom the  hea t  choke  was minimized by making the vacuum emission 
measurements a t   v e r y   c l o s e   s p a c i n g ,  i . e . ,  0.0005 inch .   S ince  
a r e a s  e x t r a n e o u s  t o  t h e  emitter which might  possibly be considered 
to  con t r ibu te  to  the  measu red  emiss ion  were a t  d i s t a n c e s  g r e a t e r  
than 0.030 inch  f rom the  co l l ec to r  , a n  e f f e c t  f r o m  t h e s e  a r e a s  
would only be seen when s t r o n g  a c c e l e r a t i n g  p o t e n t i a l s  were app l i ed .  
Fo r  the  va lues  r epor t ed  on  page 11 t h e  emitter a r e a  was u s e d .  I f  
t he  co l l ec to r  a r ea  had  been  used ,  a t  2210°K t h e  r e p o r t e d  Q of  
4 .58  e V  would  have  been 4.54 e V .  Probably a t r u e  Q va lue  i s  between 
these  two extremes. A g u a r d  r i n g  was i n c l u d e d  i n  t h e  c e r a m i c  s e a l ;  
t he re fo re ,  l eakage  cu r ren t s  be tween  emitter and  co l lec tor  could  be  
e l imina ted .  E m i t t e r  work f u n c t i o n s  were determined  from  emission 
dens i t i e s  found  by t h e  e x t r a p o l a t i o n  o f  S c h o t t k y  p l o t s  t o  z e r o  f i e l d .  
Va lues  o f  cu r ren t  dens i ty  J i n  amperes  per  square cent imeter  
were t h e n  s u b s t i t u t e d  i n  t h e  Richardson-Dushman equation. 
where @ is  t h e   e f f e c t i v e  work f u n c t i o n ;  
K i s  the  Bol tzmann cons tan t  in  jou les  per  degree  Kelv in ;  
e i s  the   e lec t ron   charge   in   coulombs;  
T i s  the   t rue   su r f ace   t empera tu re   i n   deg rees   Ke lv in ;  
A i s  a u n i v e r s a l  c o n s t a n t  u s e d  a s  120; 
R i s  a r e f e c t i o n  c o e f f i c i e n t  assumed a s  0 .  
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T a b u l a r  v a l u e s  o f  e f f e c t i v e  work f u n c t i o n  a s  a f u n c t i o n  o f  
c u r r e n t  d e n s i t y  a n d  a b s o l u t e  t e m p e r a t u r e  h a v e  b e e n  g e n e r a t e d  by 
Read.* These  tab les  were u s e d  i n  t h e  d e t e r m i n a t i o n  o f  e f f e c t i v e  
work func t ion .  
Upon completion of the measurements of the bare work f u n c t i o n  
o f  t he  emitter, cesium was i n t r o d u c e d  i n t o  t h e  d e v i c e  a n d  t h e  
conve r t e r  was s e a l e d  o f f .  
COLLECTOR WORK FUNCTION DETERMINATION 
A s  m e n t i o n e d  i n  t h e  m a i n  t e x t  o f  t h e  r e p o r t ,  t h e  c o l l l e c t o r  
work func t ion  was determined from measurements  of  saturated emission 
f rom the  co l l ec to r .  Leakage  cu r ren t s  were e l i m i n a t e d  by the   guard  
r i n g   e l e c t r o d e   i n   t h e   c e r a m i c - t o - m e t a l   s e a l .  The emi t t i ng   a r ea   o f  
t h e  c o l l e c t o r  was n o t  well d e f i n e d  s i n c e  t h e r e  was no guard r ing 
a r o u n d  t h e  c o l l e c t o r  t o  p r e v e n t  e m i s s i o n  f r o m  t h e  c y l i n d r i c a l  s i d e s .  
The geometry of  the device did,  however ,  a l low for  a reasonably  
good  measurement of t h e  c o l l e c t o r  work f u n c t i o n .  The gap  between 
t h e  s i d e  o f  t h e  c o l l e c t o r  was the  o rde r  o f  0.030 inch  whi le  the  
in t e re l ec t rode  spac ing  du r ing  emiss ion  measu remen t s  was about  
0.0005 inch .   S ince   t he   app l i ed   vo l t age   ac ross   each   gap  was t h e  
;kRead, P. L., "Tables  of  Ef fec t ive  Work Funct ion , " G e n e r a l  E l e c t r i c  
Research and Development Center  Report  No. 64-RL-3605EY  March 1964. 
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same and the e lectr ic  f i e l d  i s  inve r se ly  p ropor t iona l  t o  the  spac ing ,  
t h e  f i e l d  i n  t h e  c o n v e r t e r  r e g i o n  would have been GO times g r e a t e r  
t han  tha t  on  the  s ide .  From examinat ion of  Schot tky plots  of  the 
exper imenta l  da ta  and  f rom es t imates  of the  accuracy  in  measur ing  
TC, i t  i s  e s t i m a t e d  t h a t  t h e  v a l u e s  o f  c o l l e c t o r  work func t ion  
shou ld  be  accu ra t e  to  k0.05 e V .  
T I " 1 O N I C  CONVERTER DATA 
I n  d e t e r m i n i n g  o u t p u t  c h a r a c t e r i s t i c s ,  t h e  d e v i c e  was connected 
i n  a test  c i r c u i t  a s  shown i n  Appendix A, F igure  A - 2 .  E m i t t e r ,  
co l l ec to r ,  and  ces ium rese rvo i r  t empera tu re  con t ro l s  were maintained 
i n  t h e  manner prev ious ly   descr ibed .  The emitter i s  o p e r a t e d  a t  
g r o u n d  p o t e n t i a l  a s  a s a f e t y  p r e c a u t i o n  s i n c e  i t  runs approximately 
1500 v o l t s  p o s i t i v e  r e l a t i v e  t o  t h e  bombardment f i lament .   Connected 
between the emitter a n d  c o l l e c t o r  i s  a sweep t r ans fo rmer ,  ad jus t ab le  
l o a d  r e s i s t o r ,  a n d  a c u r r e n t  s h u n t .  
Af te r   the   opera t ing   parameters ,   such   as  emitter, c o l l e c t o r ,  a n d  
c e s i u m  r e s e r v o i r  t e m p e r a t u r e s  a r e  set ,  t h e  l o a d  r e s i s t o r  i s  
a d j u s t e d  so t h a t  a d e s i r e d  d i r e c t  c u r r e n t  f l o w s  i n  t h e  c i r c u i t .  Then 
the a-c sweep i s  a p p l i e d  a n d  c o n v e r t e r  v o l t a g e  a n d  c u r r e n t  a r e  d r i v e n  
abou t   t he   d -c   ope ra t ing   po in t .   Th i s   t echn ique   a l lows   t he   conve r t e r  
l o a d  c h a r a c t e r i s t i c s  t o  b e  i n v e s t i g a t e d  w h i l e  m a i n t a i n i n g  a f i x e d  
d-c   opera   t ing   po in t  . 
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P o t e n t i a l  l e a d s  f o r  v o l t a g e  a r e  a t t a c h e d  t o  t h e  c o n v e r t e r  
e l e c t r o d e s .  C u r r e n t  v a l u e s  a r e  m e a s u r e d  a s  a p o t e n t i a l  d r o p  a c r o s s  
a c a l i b r a t e d  s h u n t .  S i n c e  t h e s e  p o t e n t i a l s  a r e  v a r y i n g  a t  a 60-cps 
r a t e ,   t h e y   a r e   f e d   t o  a sampl ing   c i rcu i t   which   t ransforms  the  
ou tpu t s  t o  s lowly  va ry ing  d -c  func t ions  wh ich  a re  r eco rded  d i r ec t ly  
on  an "X-Y'; r e c o r d e r .  The e n t i r e  s y s t e m  i s  c a l i b r a t e d  by applying 
known poten t ia l s  measured  by s t u d e n t  t y p e  s l i d e  wire poten t iometers  
a t   t he   i npu t s   t o   t he   s ampl ing   sys t em.   Ca l ib ra t ion   ad jus tmen t s  
a l low the  conve r t e r  cu r ren t  t o  be  d i sp layed  a s  cu r ren t  dens i ty .  
The l o a d  c h a r a c t e r i s t i c  c u r v e s  i n c l u d e d  i n  t h i s  r e p o r ' t  h a v e  b e e n  
r ep roduced  d i r ec t ly  f rom the  o r ig ina l  da t a  wi th  no c o r r e c t i o n s  
needed. 
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FIGURE -4-1. CROSS SECTION O F  BLACKBODY CAVITY, ELECTRON BOMBARDMENT 
FILAMENT AND OPTICAL AND ELECTROSTATIC SHIELDS 
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APPENDIX B 
CONVERTER DATA 
A complete se t  of l o a d  l i n e s  is  inc luded  for  tempera ture  emitter, 
TE' from  1673  to 2153°K; temperature  cesium, TCs, 583 to 6S3"K; 
t empera tu re  co l l ec to r ,  TC, 873 t o  1173°K;  and  spacings 1 .0  t o  20 mils. 
A few l o a d  l i n e s  were taken a t  0 .5-mil  spacing.  
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